Considering that the market demand is stochastic and dependent on effort, this essay shows that the benchmark revenue-sharing contract could not coordinate a three-level supply chain consisting of one manufacturer, one distributor, and one retailer. By assuming that the retailer himself bears the effort cost, coordination is achieved by implementing revenue-sharing contract based on rebate and penalty policy in one transaction or two transactions of three-level supply chain, and the former is a special case of the latter. When the disruptions induce the changes of the market demand, the revenue-sharing contract could not coordinate the supply chain. To deal with the problem, this essay introduces two forms of improved revenue-sharing contracts which have antidisruption ability. The model of improved revenue-sharing contract is optimized when the market demand is in the additive form with effort dependent demand. Formulas are given to calculate the optimal contract parameters. Finally, this essay demonstrates the accuracy of the model of improved revenue-sharing contract with the help of numerical examples.
Introduction
Modern society is in a period of frequent emergencies, such as the financial crisis that swept the globe world in 2008, the Japanese earthquake in 2011, the bird flu of H7N9 in 2013, and the Tianjin explosion in 2015. These incidents significantly influenced supply chain coordination, resulting in discontinuous supply of raw materials and unavailable transportation facilities as well as significant changes of the market demand. All of the impacts above often cause the coordinated supply chain to be no longer coordinated. Therefore, it is very urgent and necessary to study the ability of the supply chain to cope with the emergencies and develop operation management.
Supply chain contract can improve the ability of the supply chain system to respond to emergencies, which has been recognized by scholars. Qi et al. [1] and Huang et al. [2] , respectively, studied the quantity discount contract and the price discount contract to deal with emergencies. Xiao [3] [4] [5] studied how to use the full quantity discount contract and the linear quantity discount contract to deal with emergencies and discussed what to do to improve when manufacturing cost changes.
Zhang et al. [6] and Pang et al. [7] had studied the revenue-sharing contract to deal with emergencies in different situations. Yu et al. [8] [9] [10] [11] discussed and improved the buy-back contract, the quantity discount contract, the wholesale price contract, and the revenue-sharing contract, so that the supply chain has an antidisruption ability. Ma and Zhou [12] studied the option contract under disruptions. Zhang and Chen [13] proposed the supplementary contract of unsold goods in the case of VMI. Cao and Lai [14] and Pang [15] studied revenue-sharing contract to respond to emergencies. And their assumptions are different from those of Yu et al. [9] . Hu and Wang [16] discussed the price discount contract to deal with emergencies. Jiang and Cui [17] studied the target rebate contract to deal with emergencies. Qin et al. [18, 19] discussed the option contract and the feedback and penalty contract in response to emergencies.
However, the literature above did not take impact of effort on the market demand into account, which is inconsistent with reality. Nowadays, in the increasingly competitive market, with life cycles of products getting shorter, companies need to constantly conduct effort activities to develop in the market, such as increasing advertising investment and designing and manufacturing personalized products.
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The kind of effort behavior seems particularly necessary especially when emergencies cause fluctuations in market demand. Efforts can increase the market demand to some extent [20, 21] but also need some cost at the same time. Therefore, the supply chain member who bears all effort cost alone often chooses the effort level which is most beneficial to himself but not to the supply chain coordination [22] . Some scholars proposed the strategy of sharing effort cost [23] [24] [25] [26] [27] . However, in many situations like asymmetric information, as effort behavior cannot be effectively supervised and due to the existence of moral hazard, this strategy cannot be implemented. Then, scholars began to pay attention to the situation that one of the supply chain members bears effort cost and various research results were obtained [28] [29] [30] [31] .
It should be noticed that most of the literatures mentioned above are based on a two-level supply chain. Through literature searching, we have not found the literature that takes effort into account in three-level supply chain. Three-level supply chain is more than the simple superposition of two two-level supply chains. In fact, the supply chain is usually characteristic of three-level structure and above, and possessing its own unique operating pattern. It is equipped with multitransactions, which will be affected more profoundly by disruptions. Therefore, it is significant to study coordination of the three-level supply chain under disruptions.
The existing literatures have a positive effect on the coordination of the supply chain to cope with emergencies. Cachon and Lariviere [32] discussed the strengths and limitations of the revenue-sharing contract in detail. Based on the literature of Cachon and Lariviere [32] , Giannoccaro and Pontrandolfo [33] proposed a model based on revenuesharing contract to coordinate a three-level supply chain. van der Rhee et al. [34] discussed the major drawbacks from an implementation point of view and proposed the spanning revenue-sharing contract to coordinate multiechelon supply chains. However, literatures [32] [33] [34] ignored the impact of emergencies on supply chain coordination. Although literatures [6, 7, 14, 15] considered the antidisruption ability of revenue-sharing contract, they ignored the influences of effort in supply chain coordination. Literatures [22, 23, 29, 30] take the effort into consideration, but they did not consider the supply chain coordination under the circumstance of emergencies. Based on the three-level supply chain, this paper studies how to deal with emergencies by revenue-sharing contract with effort dependent demand. This paper focuses on the following three aspects. First of all, it analyzes the impact of effort on the supply chain coordination. It is proposed that the revenue-sharing contract based on the rebate and penalty policy can coordinate the three-level supply chain when the retailer bears the effort cost alone by implementing revenuesharing contract based on rebate and penalty policy in one transaction or two transactions of three-level supply chain. Furthermore, it studies the impact of emergencies on the supply chain coordination and puts forward two forms of the revenue-sharing contracts which have an antidisruption ability so as to improve the capacity of handling emergencies. Finally, based on the hypothesis that the demand and the retail price satisfy an additive form, we optimize the revenue-sharing contract model and give out the method to calculate the optimal parameters (inventory quantity and effort level).
Model Description
The supply chain introduced in this paper is made up of one manufacturer, one distributor, and one retailer. An upstream member provides products to a downstream member and can meet its order demand. Before the sale season, both the distributor and the retailer have only one chance to buy products. The retailer is in the terminal of the supply chain, so he can better observe the change of the market demand and make more targeted efforts. All members are confronted with neutral risks and information is symmetric among them. Assume that the effort activities, like increasing advertising investment and providing better service and product display, are carried out by the retailer. Furthermore, the retailer bears all effort cost alone. The market demand is assumed to be stochastic and dependent on the effort of the retailer.
Assume is the sales price of unit product; represents supply chain member's marginal unit cost ( = , , ) and = + + ; is the wholesale price that upstream member charges downstream member in condition ( = , ; = , ); here, = means in the revenue-sharing contract and = means in the decentralized supply chain condition; V means salvage value for unsold unit product; stands for order quantity; is the retailer's effort, and ≥ 0; ( ) is the retailer's effort cost when his effort is , supposing (0) = 0, and ( ) > 0 and ( ) > 0; is the stochastic demand when retailer's effort is , with probability density function ( | ) and differentiable cumulated distribution function ( | ), and ( | ) is continuously differentiable; because the demand is the increasing function of effort, ( | )/ < 0; ( , ) is the expectation sale quantity and ( , ) = min( , ) = − ∫ 0 ( | ) , and ( , )/ > 0; the expectation unsold quantity is ( , ), and ( , ) = − ( , ).
Emergencies always result in changes in the size of the market demand. Emergencies may cause an increase in the demand. For example, after "SARS" occurred, the market demand for masks apparently increased. Urgent production and transportation need to be started, which will bring about a certain cost to the manufacturer and the distributor. Assume is the increased cost of unit product when emergencies cause an increase in the demand ( = , ), and = + ; emergencies may also cause a decrease in the demand. For example, after the bird flu occurred, the market demand for poultry like chickens apparently decreased. Supply chain members will bear cost of processing left products. Assume is the increased cost of unit product when emergencies cause a decrease in the demand ( = , , ) and = + + .
Coordination Model
In the three-level supply chain under the revenue-sharing contract, we assume that the manufacturer provides the Mathematical Problems in Engineering 3 distributor with the revenue-sharing contract ( , 1 ) and the distributor provides the retailer with the revenue-sharing contract ( , 2 ). Considering effort dependent demand, the profit function of the supply chain system can be described as
In the benchmark revenue-sharing contract, the profit function of the retailer can be described as
According to assumptions in this paper, from (1), we can get ∏ ( , )/ = ( − V)( ( , )/ ) − ( ) and from (2) we can get ∏ ( , )/ = 2 ( − V)( ( , )/ ) − ( ). Then, it can be gotten that ∏ ( , )/ < ∏ ( , )/ . It means that the effort level of the retailer here is lower than that of the centralized supply chain. That is, considering the effort dependent demand, the traditional revenue-sharing contract cannot coordinate the supply chain. The reason lies in that the retailer bears all the effort cost of supply chain ( ) but only gets partial profit of the whole supply chain. So he will choose the effort level best beneficial to himself but not to the supply chain system. The result is consistent with the literature [22] .
In order to make the supply chain remain coordinate, we need to improve the traditional revenue-sharing to make the retailer's optimal effort equal to the supply chain's optimal effort. Here, we propose an improved revenue-sharing contract based on rebate and penalty policy. The rebate and penalty policy, also called target incentive policy, means that given a sales target by the supplier, the retailer will get some reward when he overfulfills the task and vice versa. Because there are two different transaction phases ((manufacturer, distributor) and (distributor, retailer)), we need to consider how to implement this improved contract in three-level supply chain.
Only Implement the Improved Contract between Retailer and
Distributor. This problem can be described as follows: we implement the revenue-sharing contract based on rebate and penalty policy ( , 2 , , ) between the retailer and the distributor; that is, under the revenue-sharing contract, given the sales target , the reward of unit product for exceeding the target or the punishment of unit product for unfinished goals is ; and we implement the traditional revenuesharing contract ( , 1 ) between the distributor and the manufacturer. Then, the profit function of the retailer, the distributor, the manufacturer, and the supply chain system can be, respectively, described as
∏ ( , , )
Theorem 1. Assuming the contract parameters satisfy (6) , the improved revenue-sharing contract based on the rebate and penalty policy can coordinate the three-level supply chain:
Proof. Take (6) into the profit function of each supply chain member and we can get (7)
From (7), we can get the following:
According to (8) , it can be seen that the optimal effort level of the retailer and the optimal order quantity of supply chain members are equal to those of the supply chain system. Moreover, the profit functions of the supply chain members are all affine functions of the whole supply chain's profit function. So, in this condition, the revenue-sharing contract can coordinate the three-level supply chain.
Implement the Improved Contract among Supply Chain
Members. This problem can be described as follows: we implement the revenue-sharing contract based on rebate and penalty policy both between the retailer and the distributor and between the distributor and the manufacturer. That is, under the revenue-sharing contract, suppose the sales target set by the distributor to the retailer is ; the reward of unit product for exceeding the target or the punishment of unit product for unfinished goals is ; the sales target set by the manufacturer to the distributor is ; the reward of unit product for exceeding the target or the punishment of unit product for unfinished goals is . Then, the profit function of the retailer, the distributor, the manufacturer, and the supply chain system can be, respectively, described as
∏ ( , , , )
Theorem 2. Assuming the contract parameters satisfy (12) , the improved revenue-sharing contract based on the rebate and penalty policy can coordinate the three-level supply chain:
Proof. Take (12) into the profit function of each supply chain member and we can get
From (13), we can get
Similarly, according to (14) , it can be seen that the optimal effort level of the retailer and the optimal order quantity of supply chain members are equal to those of the supply chain system. Moreover, the profit functions of the supply chain members are all affine functions of the whole supply chain's profit function. So, in this condition, the revenue-sharing contract can coordinate the three-level supply chain.
Specially, if we let = 0, = 0, we can find that (7) is the same as (13) . Namely, Section 3.1 is a special case of Section 3.2.
Theorems 1 and 2 illustrate whether we implement the improved revenue-sharing contract only between the distributor and the retailer or among the supply chain members; when the contract parameters satisfy (6) or (12), the improved revenue-sharing contract can coordinate the three-level supply chain. However, in fact, participation constraint must be met if this contract can be adopted by supply chain members. That is, the profit under this revenue-sharing contract must not be less than that under the decentralized model. Namely, the supply chain members should, respectively, satisfy (1) ∏ ( , ) ≥ ∏ ( , ), (2) ∏ ( , ) ≥ ∏ ( , ), and (3) ∏ ( , ) ≥ ∏ ( , ). Here, the superscript stands for the decentralized model and stands for the model of the improved revenue-sharing contract.
Supply Chain Coordination under Disruptions

Impact of Emergencies on Supply Chain Coordination.
Before sale season for the coordinated supply chain, the supply chain members would make the optimal effort level * and the optimal order quantity * according to the market demand as well as arranging corresponding production and operation activities. However, the disruptions would probably induce unexpected changes of the market demand. Assume that the market demand distribution function changes from ( | ) to ( | ) and the probability density function changes from ( | ) to ( | ). Here, ( | ) is continuously differentiable. The expectation sale quantity under disruptions is ( , ) = − ∫ 0 ( | ) and the expectation unsold quantity is ( , ) = − ( , ). After emergencies, the profit function of the supply chain system can be described as
Here, ( , 0) + = max{ , 0}. If we use the original revenue-sharing contract based on the rebate and penalty policy to coordinate the supply chain, namely, the contract parameters satisfy (6), the profit function of supply chain members can be, respectively, described as (16); the contract parameters satisfy (12) ; the profit function of supply chain members can be, respectively, described as (17) . Consider
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It is shown from (16) and (17) that the profit functions of the supply chain members no longer have a linear relationship with the profit function of the supply chain system. Specifically, the profit functions of the supply chain members are no longer affine functions of the supply chain system's profit function. It means the original revenue-sharing contract cannot coordinate the three-level supply chain under disruptions.
Strategies under Disruptions.
In order to make the supply chain remain coordinate under disruptions with effort dependent demand, we need to improve the revenue-sharing contract to equip it with antidisruption ability. Here, we need to consider implementing the improved contract in one transaction process or two transaction processes.
Only Implement the Improved Contract between Distributor and
Retailer. The description in this section is same as the description in Section 3.1. Assume the adjusted contract parameters satisfy
Here, 
According to (19) , it is demonstrated that the profit functions of the retailer, the distributor, and the manufacturer are all affine functions of the whole supply chain's profit function, no matter the market demand rises or falls under disruptions. The optimal effort level and the optimal order quantity of supply chain members are equal to those of the supply chain system. Therefore, when contract parameters satisfy Theorem 3, the improved revenue-sharing contract can coordinate the three-level supply chain.
Implement the Improved Contract among Supply Chain
Members. The description in this section is the same as the description in Section 3.2. Assume the adjusted contract parameters satisfy
According to (21) , it is demonstrated that the profit functions of the retailer, the distributor, and the manufacturer are all affine functions of the whole supply chain's profit function, no matter the market demand rises or falls under disruptions. The optimal effort level and the optimal order quantity of supply chain members are equal to those of the supply chain system. Therefore, when contract parameters satisfy Theorem 4, the improved revenue-sharing contract can coordinate the three-level supply chain.
In fact, if we let = 0, = 0, we can find that (18) is the same as (20) , and (19) is the same as (21) . Namely, Section 4.2.1 also is a special case of Section 4.2.2.
Also, it needs to be pointed out that, under disruptions, participation constraint must be met so that the improved revenue-sharing contract can coordinate the supply chain. Here, it will not be set forth again.
Model Optimization under Disruptions
From Theorems 3 and 4, we know that the revenue-sharing contract proposed in this paper has an antidisruption ability and can coordinate the supply chain under disruptions. In this section, we discuss how to decide the optimal effort level and the optimal order quantity under disruptions.
With effort dependent demand, we usually use the additive form and the multiplicative form to describe their relationship. In this paper, we adopt the additive form. Assume that the market demand ( , ) is the function of effort and the random variable , and ( , ) = ( ) + . Here, and are independent. ( ) and ( ) are, respectively, the probability density function and the distribution function of ; as the market demand is the diminishing marginal function of effort, we assume that ( ) is the monotonically increasing concave function of effort; namely, ( ) > 0, ( ) ≤ 0. Then, the probability density function of stochastic market demand ( , ) can be written as Given the effort level , it is easy to know that ∏ ( , ) is the concave function of . Hence, the optimal order quantity which meets Max ∏ ( , ) should satisfy * = * ( ) = ( )
Take (23) into (22), and we can get
From (24), we can see that ∏ ( , ) has only one variable . As ( ) > 0 and ( ) ≤ 0, we can get that
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Assume that the market demand changes from ( , ) to ( , ) = ( )+ under disruptions. As market demand may rise or fall, two situations are discussed here.
When market demand falls, namely, < * , (15) can be rewritten as
Similar to analysis before disruptions, when market demand falls under disruptions, we can get that the optimal order quantity * 1 and the optimal effort level * 1 of the supply chain system should, respectively, satisfy (27) and (28) .
When market demand rises under disruptions, namely, > * , (16) can be rewritten as
Similar to analysis before disruptions, when market demand rises under disruptions, we can get that the optimal order quantity * 2 and the optimal effort level * 2 of the supply chain system should, respectively, satisfy (30) and (31) . Hence,
Numerical Analysis
For convenience of analysis, combining with literature, we make ( , ) = ( ) + . Here, ( ) = , ( ) = 2 /2. Assume that has a uniform distribution in the range [40, 100] before disruptions and that has a uniform distribution in the range [30, 80] after disruptions. It is easy to know that , and = 11. Four situations are considered here. Before emergencies, we adopt the wholesale price contract (decentralized decision-making mode) and the original contract (i.e., the revenue-sharing contract based on the rebate and penalty policy in Section 3). After emergencies, we adopt the original contract and the improved revenue-sharing contract. Here, for convenience of calculation, we suppose that we only implement the improved revenue-sharing contract between the distributor and the retailer. Through calculation, we can get the following:
(1) Adopt the wholesale price contract before emergencies. Through calculation, we can get 
Parameters of the supply chain system in different situations are shown as Table 1 . Table 1 indicates that, before emergencies, the revenuesharing contract proposed in this paper based on the rebate and penalty policy can effectively motivate the retailer to improve his effort level and the order quantity, so that the profit of the supply chain system can rise apparently. That is to say, this contract is superior to the wholesale price contract.
From Table 1 , we can also observe that emergencies cause market demand to decrease. So the profit of the supply chain system is less than that before emergencies with the original contract whether it adopts the original contract or the improved contract. After emergencies, as the improved contract has an antidisruption ability and can coordinate the supply chain, we can find that the order quantity and effort level increase compared with the original and the improved contract. Hence, more profit can be obtained.
It is known that the profit distribution of the supply chain members would be affected directly by the profit of the supply chain system. So when the profit of the supply chain system has been improved, the profit of supply chain members will also be improved accordingly. Of course, the distribution of profits among supply chain members is affected by contract parameters. Their bargaining ability and the influence of their status in the supply chain matter. Therefore, participation constraints of supply chain members should be met if the contract can work out in reality. That is to say, values of contract parameters also need to be limited.
Conclusions
The disruptions will impart great effects on the market demand while effort is the main factor which influences the market demand. How to deal with the disruptions with effort dependent demand is what we must pay attention to in the research of the supply chain contract. In this paper, with stochastic and effort dependent demand, we study the impact of disruptions on the coordination of the revenuesharing contract in the three-level supply chain and get some conclusions as follows:
(1) With the effort dependent demand, the traditional revenue-sharing contract cannot coordinate the supply chain. The reason lies in that the retailer bears all the effort cost but only gets partial profit. Supply chain coordination was achieved by implementing revenuesharing contract based on rebate and penalty policy in one transaction or two transactions of three-level supply chain, and the former is a special case of the latter. (2) After emergencies, the market demand often changes.
The original revenue-sharing contract cannot coordinate the supply chain because the market demand's changes often result in additional costs (such as emergency production costs, logistics costs, and residual product processing fees), which causes the coordinated supply chain to no longer coordinate. In this paper, we make a further adjustment to the original contract. The new contract has an antidisruption ability and can recoordinate the supply chain system. (3) Considering that the market demand and the effort satisfy the addictive form, this paper gives the method to determine the optimal order quantity and the optimal effort, which can provide the decision makers of the supply chain with decision support.
It also should be noticed that this research is carried out in the neutral risk and symmetrical information condition. So the next step is to carry out the research in the more complex condition. For instance, supply chain members have decision preference. In addition, in this paper, the retailer bears all the effort cost. In the following step, the distributor and the manufacturer can be considered to bear the effort cost.
